Abstract Sediment transport modelling in estuarine environments, characterised by cohesive and non-cohesive sediment mixtures, has to consider a time variation of erodibility due to consolidation. Generally, validated by settling column experiments, mud consolidation is now fairly well simulated; however, numerical models still have difficulty to simulate accurately the sedimentation and consolidation of mixed sediments for a wide range of initial conditions. This is partly due to the difficulty to formulate the contribution of sand in the hindered settling regime when segregation does not clearly occur. Based on extensive settling experiments with mud-sand mixtures, the objective of this study was to improve the numerical modelling of mixed-sediment consolidation by focusing on segregation processes. We used constitutive relationships following the fractal theory associated with a new segregation formulation based on the relative mud concentration. Using specific sets of parameters calibrated for each test-with different initial sediment concentration and sand content-the model achieved excellent prediction skills for simulating sediment height evolutions and concentration vertical profiles. It highlighted the model capacity to simulate properly the segregation occurrence for mud-sand mixtures characterised by a wide range of initial conditions. Nevertheless, calibration parameters varied significantly, as the fractal number ranged from 2.64 to 2.77. This study investigated the relevance of using a common set of parameters, which is generally required for 3D sediment transport modelling. Simulations were less accurate but remained satisfactory in an operational approach. Finally, a specific formulation for natural estuarine environments was proposed, simulating correctly the sedimentationconsolidation processes of mud-sand mixtures through 3D sediment transport modelling.
Introduction
The simulation of cohesive sediments requires that a time variation of erodibility due to consolidation be taken into account (e.g. Van Ledden et al. 2004; Sanford 2008; Le Hir et al. 2011) . Different stages characterise the sediment behaviour from suspension to compaction, namely, flocculation, settling and sedimentation, and consolidation (e.g. Imai 1981) . This final stage is driven by pore water release: firstly, without solid skeleton formation, named as the permeability regime, and secondly, with solid skeleton formation, named as the effective stress regime (e.g. Dankers and Winterwerp 2007) . To a lesser extent, the creep effect that consists in solid skeleton compression may then take place for a long-term sediment consolidation (e.g. Merckelbach and Kranenburg 2004a) .
Several techniques for simulating consolidation have been proposed in the literature. The simplest methods consist in (i) splitting the sediment into layers characterised by their density and/or shear strength and (ii) translating the consolidation into a residence time concept (e.g. Teisson 1991) or into a regular mass transfer with the underlying layer that is more consolidated (e.g. Le Hir and Karlilow 1992) . Another empirical technique is based upon an increase of sediment density (or shear strength) at each time step for each layer, according to a relaxation law towards an equilibrium vertical density profile (e.g. Sanford 2008) . Another family of consolidation closure comes from the Kynch theory, considering sedimentation as a vertical mass advection. In this case, a constitutive relationship relates the sedimentation rate to the sediment concentration and composition (e.g. Le Hir et al. 2001) . The most comprehensive approach, at least for primary consolidation, comes from soil mechanics, considering that the density increase results from a vertical exchange of pore water (Gibson et al. 1967) . In this case, the forcing is the pressure gradient associated with the vertical increase of total weight after deduction of the so-called Beffective stress^(a stress which is not applied to pore water) and the hydrostatic water pressure.
The Gibson theory was initially proposed for pure mud and related the pore water release to the sediment void ratio. Numerous studies based on the Gibson theory simulated mud consolidation with fairly good skills (e.g. Winterwerp and Van Kesteren 2004; De Boer et al. 2007; Thiebot et al. 2011; Chauchat et al. 2013 ); however, they were rarely applied to mixed sediments. Some models considering mud-sand mixtures were proposed (e.g. Toorman 1996 Toorman , 1999 Merckelbach and Kranenburg 2004a; Le Hir et al. 2011 ; Van and Pham Van Bang 2013) , but most of them had difficulty to simulate accurately the sediment consolidation for moderate to large sand contents (typically larger than 10-20 %) and for a wide range of initial conditions. In other words, calibrating and simulating one settling column experiment is affordable; however, it has been proven more difficult to simulate a dataset characterised by different initial sediment concentrations, sand contents and grain sizes (Bartholomeeusen et al. 2002) .
The presence of sand strongly influences the settling and consolidation processes of mud. It modifies the hindered settling of cohesive sediments and segregation between mud and sand that can take place (e.g. Migniot 1989; Toorman and Berlamont 1993; Torfs et al. 1996) . Recently, Grasso et al. (2014) analysed a large dataset of settling column experiments, with varying initial concentrations and sand contents, to improve the understanding of mixed-sediment consolidation for a large sand content (15-50 %). As previously observed (e.g. Torfs et al. 1996) , the authors confirmed that for a given initial mass concentration, the consolidation was faster for larger initial sand contents. It resulted in accelerating the convergence to large final mass concentrations. Sand segregation was not always observed in their experiments and, interestingly, a threshold of the initial relative mud concentration, defined as the mud concentration in the space not occupied by sand (Waeles et al. 2008) , appeared as a potential indicator for preventing segregation.
Based on the consolidation model developed by Le Hir et al. (2011) , which presented good skills for simulating mud consolidation and the capacity to simulate segregation, the objective of this study was to focus on the numerical modelling of mud-sand mixture sedimentation and consolidation processes in comparison with experimental data. This study paid particular attention to the model capacity for simulating accurately segregation occurrence. In addition, the relevance of using a common set of calibration parameters for a wide range of initial conditions was investigated.
The overarching goal of this work was to improve the simulation of mud-sand segregation processes in mixed-sediment consolidation modelling, in order to improve prediction accuracy of 3D estuarine sediment transport models.
Experimental data

Experimental set-up
This study focused on sedimentation and consolidation tests based on 12 settling column experiments carried out with natural sediment mixtures collected in the Mont Saint Michel Bay (MSMB) and the Seine Estuary (SE), northwest of France (Grasso et al. 2014) . Experiments started from vertically homogeneous mixtures and were carried out during 20 and 200 days for SE and MSMB, respectively. The time evolution of sediment height h was obtained through measurements of the sediment-water interface at high frequency, especially at the beginning during the settling phase. Vertical profiles of sediment mass concentration C f were measured at the end of the experiments. In MSMB, sediment samples came from two different areas, Cancale and Hirel, spaced by few kilometres and characterised by different sand contents n s (n s =15 and 30 % at Cancale and Hirel, respectively). Nevertheless, sediment exchanges between those two areas were regularly observed (e.g. Cayocca et al. 2006) , and similar sediment properties can be considered (sediment modes, organic matter content, etc.). In SE, natural mud and sand were mixed to obtain mud-sand mixtures with initial sand contents ranging from 20 to 50 %. Sediment properties may be different between SE and MSMB; therefore, different consolidation behaviours might be expected. For the settling experiments presented here, initial sediment concentrations C ranged from 54 to 600 kg/m 3 (see Table 1 ). As an example, the time evolution of the relative sediment sample height h/h 0 (h 0 is the initial sediment height) and the final vertical profile of mass concentration C f for the sediment mixture MSMB-C3 (see Table 1 ) are illustrated in Fig. 1 (circles) . z represents the vertical coordinate increasing upward with z=0 at the settling column bottom. Figure 1a highlights the different regimes of the consolidation processes (e.g. Dankers and Winterwerp 2007) : (i) the settling regime from t=0 to 0.2 days; (ii) the permeability regime (without effective stresses) from t=0.2 to 9 days, characterised by a linear trend in log-log scale; and (iii) the effective stress regime (with permeability) from t =9 to 200 days. The inflexion point readily observed at t=0.2 day corresponds to the end of the hindered settling regime. Nonetheless, it is worth pointing out that during this phase, some sediment had already settled at the bottom of the column and started to consolidate in the permeability regime. Grasso et al. (2014) observed that the relative mud concentration appeared as a potential segregation indicator. It reads:
Segregation
where C mud is the mass concentration of mud (clay and silt), and ϕ sand is the volumetric concentration of sand (grain diameter >63 μm). Note that the relative mud concentration is directly related to the relative volume fraction of fine particles, defined by e.g. Merckelbach and Kranenburg 2004b as:
where ϕ mud is the volumetric concentration of mud and ρ s = 2650 kg/m 3 is the grain density. Table 2 synthesises 22 settling experiments from the literature for which segregation occurrence was determined based on sediment concentration and grain size vertical profiles (Bartholomeeusen et al. 2002; Merckelbach and Kranenburg 2004b; Te Slaa et al. 2013 ; Van and Pham Van Bang 2013; Grasso et al. 2014) . Although sediment properties and initial conditions were drastically different, as mass concentrations ranged from 64 to 893 kg/m 3 and sand contents ranged from 2 to 80 %, it appeared that no segregation took place for initial relative mud concentrations C relmud ≥207 kg/m 3 . Consequently, C relmud seg~2 00 kg/m 3 could be used as a threshold for determining segregation occurrence and was implemented in the consolidation numerical model presented in the following section.
Numerical model
Equations
The consolidation model used in this study follows the modelling strategy presented by Le Hir et al. (2011) . It is based on Toorman (1996) unifying theory for sedimentation and consolidation of several classes of sediment. Following Merckelbach's derivation of the Gibson equation, and using the mass concentration of each sediment class C i as state variable, the mass conservation equation during the consolidation can be written as:
where C is the sediment total mass concentration, assuming the same grain density ρ s for all sediment classes i, k is the permeability (m/s), ρ w the water density, g the gravity and σ′ Eq. 8 (solid red line); k ϕ and σ′ from Eqs. 8 and 9 (dashed red line); k e from Eq. 7 (thin blue line); k=MIN[k ϕ , k e ], σ′ and segregation from Eqs. 6 to 9 (thick cyan line) the effective stress. In order to account for segregation due to polydispersity during sedimentation, sedimentation rates are different for mud and sand classes. The mud class is driven by the sedimentation rate in Eq. 3, and the sand settling is defined as the maximum between the sedimentation rate in Eq. 3 and the hindered settling velocity Ws si hindered of the sand class si considered. This latter formulation lies on the founding principle that when no effective stress appears, there is a relationship between the common settling velocity of all particles and the pore water velocity related to the permeability (e.g. Been 1980) . In other words, it enables to relate a settling velocity to an equivalent settling permeability as:
.
Consequently, including this polydisperse formulation in Eq. 3, the following equation is solved:
As observed in Section 2.2, a threshold on the relative mud concentration is relevant to determine segregation occurrence. Therefore, a segregation formulation based on C relmud is used to express the hindered settling of sand class si as:
where Ws si is the non-hindered settling velocity estimated by Soulsby (1997) formulation, and the power p is defined as 4.65 according to Richardson and Zaki (1954) observations. α is a numerical parameter to be calibrated in order that the sand settling becomes hindered by fine (muddy) particles when their relative concentration get close to the threshold value C relmud seg (see Section 3.2). Note that this formulation is not applicable for pure sands and may be incorrect for very large sand contents. This point is discussed in Section 5. The resolution of Eq. 5 requires the specification of two constitutive relationships for the permeability and the effective stress, respectively (e.g. Alexis et al. 1992; Toorman 1999) . Two different formulations to compute the permeability constitutive relationship are used. The first is related to the void ratio e (e.g. Bartholomeeusen et al. 2002; Le Hir et al. 2011 ), which reads:
and the second is related to the relative volume fraction of fine particles ϕ, based on the fractal theory presented by Merckelbach and Kranenburg (2004a) , expressed as:
with n=2/(3−n f ) and n f is the fractal number that characterises the distribution of solids in the sediment. Similarly, this fractal theory enables to compute the effective stress as:
where k 1 , k 2 , K k , K σ and n are parameters to be calibrated. This model simulates primary consolidation processes, but does not take into account the creep effect as it acts on long time scales that are out of the scope of this study.
The permeability formulations using k e (Eq. 7) and k ϕ (Eq. 8) were independently tested. The fractal approach (k ϕ ) worked better to accurately simulate h/h 0 time evolution in the permeability regime, as illustrated in Fig. 1a (to compare the blue and red solid lines). However, Eq. 8 was not aimed at characterising the settling processes and so overestimated the permeability in the settling regime. It was expressed in Eq. 4 that a settling velocity can be related to an equivalent settling permeability and the void ratio. Therefore, the hindered settling was simulated using k e formulation, in consistency with Eq. 5. Numerically, the permeability k is computed as the minimum between k e and k ϕ (k=MIN[k ϕ , k e ]) to follow k e in the settling regime and k ϕ in the permeability regime. In addition, taking into account the segregation via Eq. 6 improved the simulation accuracy in the settling regime and led to sand deposition on the bottom of the settling column experiment, as illustrated by the increasing mass concentration at z=0-2 cm in Fig. 1b (thick cyan line) . Finally, the effective stress regime was correctly simulated following Eq. 9, leading to an asymptotic behaviour around h/h 0 =0.2 (Fig. 1a) . Although the permeability formulation based on k ϕ and k e (k=MIN[k ϕ , k e ]) is potentially more accurate, it does not easily apply to a wide range of initial conditions (C~50-400 kg/m 3 , see Section 4.2). Thus, in the numerical simulations presented in Section 4, we decided to compare two modelling strategies for computing the permeability constitutive equation, namely, (i) Method 1, with k=MIN[k ϕ , k e ] and (ii) Method 2, with k= k e . In both Method 1 and 2, the segregation and effective stress were computed following Eqs. 6 and 9, respectively.
Numerical model parameterization
The constitutive relationships defined in the previous Section require empirical parameters to be calibrated (k 1 , k 2 , K k , K σ and n). Merckelbach and Kranenburg (2004b) method was used to estimate K k , K σ and n by means of settling column experiment data (h, C f ). Practically, K k and n were estimated from sediment height time evolution in the permeability regime, and K σ was estimated from the final vertical profile of sediment concentration. Nevertheless, this method has some limitations as it requires log(h)= f(log(t)) to be linear in the permeability regime. For example, such a trend was not observed for settling experiments characterised by large initial sediment mass concentrations (C~400 kg/m 3 ), as effective stresses appeared at the beginning and no pure permeability regime took place. k 1 and k 2 were evaluated by trial and error in order to simulate the rate of the sediment height decay.
It was also necessary to define α in Eq. 6 to simulate a segregation threshold around C relmud seg~2 00 kg/m 3 , as deduced from settling column experiments (see Section 2.2). Following Eq. 4, the hindered settling equivalent permeability can be written as:
According to the proposed model (Eq. 5), the actual settling velocity is the maximum between the one deduced from the permeability (k e or k ϕ ) and the hindered settling velocity. Figure 2 represents both laws, expressed as equivalent permeability, illustrating the intersection points that represent the segregation occurrence thresholds. In Eq. 6, the critical value 
Numerical modelling of sedimentation-consolidation processes
Following Method 1 (k=MIN[k ϕ , k e ]) presented in Section 3.1, MSMB-Cancale experiments and simulations were compared for h/h 0 time evolution and C f vertical profiles (Fig. 3) . These experiments were characterised by sediment mixtures with 15 % of sand and initial mass concentrations C=54, 106 and 201 kg/m 3 (see Table 1 ). Empirical parameters were calibrated individually according to Merckelbach and Kranenburg (2004b) method. The MSMB-C1 experiment (C=405 kg/ m 3 ) is not presented as the empirical parameters could not be determined following Merckelbach and Kranenburg (2004b) method (see Section 3.2). Empirical parameters and prediction skill values are detailed in Table 3 for each simulation. The time evolution of the water-sediment interface was very accurately simulated for the three experiments (Fig. 3a) , as confirmed by the excellent prediction skills (r 2 >0.99 and e rms ≤0.06, with r 2 the squared correlation coefficient and e rms the normalised root mean square error). The final vertical profiles of mass concentration were also successfully reproduced (Fig. 3b) . Nonetheless, C f in MSMB-C2 was slightly overestimated along the profile, mainly due to the small error in simulating the final sediment height.
The time evolution of simulated concentration vertical profiles for MSMB-C3 experiment is presented in Fig. 4 . It started from a vertically homogeneous concentration (C=106 kg/m 3 ) and finished at t=100 days with a double step-like profile (at z= 2 and 18 cm), typical pattern of segregation occurrence. From t=0 to 0.2 day, we observed two interfaces (for instance, at t= 0.1 day: z 1 =68 cm and z 2 =22 cm): the upper one (z 1 ) delimited the water and the sediment falling in the settling regime; and the lower one (z 2 ) delimited the sediment falling in the settling regime and the sediment consolidating in the permeability regime, characterised by a slower sedimentation (e.g. Dankers and Winterwerp 2007) . The converging interfaces merged at the end of the settling regime, here between t =0.2 and 0.3 day. This is entirely consistent with h/h 0 time evolution (red triangles in Fig. 3a) , pointing out the settling/ permeability regime boundary around t=0.25 day.
It turns out that Merckelbach and Kranenburg (2004b) method was relevant to calibrate the constitutive relationship parameters in the permeability and effective stress regimes. However, for a given sediment, these parameters varied with the initial concentration. Recent studies mentioned that the calibrated fractal number varied with the initial sediment concentration (e.g. Van and Pham Van Bang 2013) and Te Slaa Table 3 Constitutive relationship parameters and prediction skills between the experimental data and the model simulations. r 2 is the squared correlation coefficient, and e rms is the normalised root mean square error computed on 200 and 20 days for MSMB and SE, respectively To guarantee the prediction skill consistency between the different tests, all the data and simulations were interpolated on the same time log scale Table 3 ): MSMB-C2 (squares, green), MSMB-C3 (triangles, red) and MSMB-C4 (diamonds, cyan) et al. (2013) used the initial solid volume fraction to calibrate their sedimentation simulations. We computed the fractal number n f from several settling experiment data collected in the literature, and we explored it as a function of the initial relative mud concentration C relmud and sand content n s (Fig. 5) . Interestingly, n increased rather linearly with C relmud , but it did not depend on the initial sand content. It would imply that the fractal nature of mixed sediments would be associated with the fractal quality of the cohesive fraction. However, as the fractal number is related to the initial relative mud fraction, it is possible that the fractal nature of the sediment would change during the consolidation phase. There are interests and motivations in converging towards a unique parameterization for a given sediment. For instance, in 3D estuarine sediment transport modelling, water column and sediment bed are usually dealt as two compartments, and the initial sediment concentration of the deposit is arbitrary defined as a constant value. Therefore, it would appear difficult to consider dependence of parameters on this arbitrary initial sediment concentration. Consequently, the next section addresses the relevance of using a common parameterization for a wide range of initial conditions.
Towards a common parameterization
Although Method 1 (k=MIN[k ϕ , k e ]) was very relevant with individual parameters, it led to poor prediction skills with a common set of parameters applied to a wide range of initial sediment concentrations (C~50-400 kg/m 3 ). Thus, Method 2 (k=k e ) was used in the present section with the set of parameters given in Table 3 and applied to MSMB-Cancale (Fig. 6) and Hirel (Fig. 7) experiments.
For MSMB-Cancale experiments, the simulations of h/h 0 were less accurate than the ones presented in Section 4.1 (Fig. 6a) ; however, they were satisfactory in an operational approach (r 2 =0.91 to 0.98 and e rms =0.06 to 0.3). The effective stress regime was correctly simulated, but the model had difficulty to simulate properly the settling and permeability regimes. Interestingly, the final vertical profiles of mass concentration were very well reproduced (Fig. 6b) . The same set of parameters applied to MSMB-Hirel experiments led to slightly better prediction skills for h/h 0 simulations (r 2 =0.93 to 0.99 and e rms =0.04 to 0.26, Fig. 7a ). As for Cancale, the final concentration profiles were accurately simulated (Fig. 7b) . Especially, both segregation absence (MSMB-H1) and presence (MSMB-H2 to H4) were correctly reproduced. It confirms the model capacity to simulate properly the segregation occurrence for mud-sand mixture sedimentation.
The influence of initial sand content on concentration vertical profiles has been investigated by means of numerical modelling for MSMB-Cancale (n s =15 %) and Hirel (n s = 30 %) experiments (Fig. 8) . For both absence (Fig. 8a) and presence (Fig. 8b, c) of segregation, the consolidation was faster for larger initial sand contents, leading to larger mass concentrations at t=100 days, as observed in settling experiments (e.g. Torfs et al. 1996; Grasso et al. 2014 ). Obviously, segregation was enhanced for larger n s (Fig. 8b) ; however, for low initial concentrations (C~60 kg/m 3 , Fig. 8c ), when sedimentation was very fast, concentration profiles did not differ significantly between n s =15 and 30 %. This is understandable as segregation could fully take place since the beginning of the simulation.
Once the common parameterization had been challenged for a sediment with varying initial concentrations and sand contents (MSMB-Cancale and Hirel), its relevance was questioned for another field area characterised by different sediment properties (sediment modes, organic matter content, etc.). Hence, the same set of parameters was applied to the Seine Estuary (SE) experiments for n s =20 to 50 % (Fig. 9) . The model had difficulty to simulate accurately the h/h 0 time evolution for SE-1 and 2 (r 2 = 0.81 to 0.96 and e rms =0.14 to 0.24, Fig. 9a ), but was clearly better for SE-3 and 5 (r 2 =0.96 to 0.98 and e rms =0.02 to 0.06). The C f vertical profiles were reasonably well reproduced (Fig. 9b) ; most of the discrepancies came from the error in simulating the final sediment height. Nonetheless, it points out that consolidation model parameters were to some extent dependent on the properties of the sediment used for the calibration. (Grasso et al. 2014 ) (leftward triangles); MSMBHirel (Grasso et al. 2014 ) (rightward triangles); SE-Mel (Grasso et al. 2014 ) (squares). The solid line is the least square fit linear interpolation, and the dashed lines represent ± one standard deviation Table 3) The overarching objective of this study was to improve the numerical modelling of estuarine sediment transport. In such natural environments, the mass concentration of mud-sand mixture deposits hardly exceeds 100-150 kg/m 3 , and a common parameterization can be proposed for this range of concentrations. Method 1 (k = MIN[k ϕ , k e ]) was applied to MSMB-C3-C4 and H3-H4 experiments (C <120 kg/m 3 ) with a common set of parameters given in Table 3 . As presented in Fig. 10 , the simulated h/h 0 matched correctly the measurements and good prediction skills were obtained (r 2 ≥0.98 and e rms =0.1 to 0.14). It represents a significant improvement compared to simulations based on Method 2, as it almost reduced the e rms by a factor of two. It highlights that such a common parameterization can provide good prediction skills to simulate sedimentation-consolidation processes of mudsand mixtures through 3D sediment transport modelling.
Discussion and conclusions
The numerical modelling of mud-sand mixture sedimentation and consolidation has been confronted to data from settling column experiments. Simulations based on individual parameterizations showed excellent prediction skills (r 2 >0.99 and e rms ≤0.06). The settling regime was simulated combining (i) a permeability formulation based on the void ratio and (ii) a hindered settling formulation that permits sand to settle faster than mud, and therefore, permits to simulate segregation. The Method 2 (k= k e ) with a common set of parameters (see Table 3 ): MSMB-H1 (circles, blue), MSMB-H2 (squares, green), MSMB-H3 (triangles, red), MSMB-H4 (diamonds, cyan) Fig. 8 Time evolution of mass concentration vertical profiles C for MSMB-Cancale (n s =15 %, solid lines) and MSMB-Hirel (n s =30 %, dashed lines) experiments simulated following Method 2 (k=k e ) with a common set of parameters (see Table 3 ): a MSMB-C1/H1, b MSMB-C2/H2 and c MSMB-C3/H3 Method 2 (k= k e ) with a common set of parameters (see Table 3 ): MSMB-C1 (circles, blue), MSMB-C2 (squares, green), MSMB-C3 (triangles, red) and MSMB-C4 (diamonds, cyan) permeability and effective stress regimes were well described by Merckelbach and Kranenburg (2004a) formulation based on the fractal theory (using the mud relative volume fraction), although the constitutive relationship parameters were dependent on the initial sediment concentration. Usually embedded in a 3D sediment transport model divided in two compartmentsbed sediment and water column-(e.g. Le Hir et al. 2011) , the model presented in this study simulates sedimentation and consolidation processes in the bed compartment only. For that reason, flocculation processes and hindered settling interactions are not taken into account in this model, but they can be simulated in the water column compartment of the 3D model.
The analysis of sediment concentration vertical profiles highlighted the model capacity to simulate properly segregation occurrence (absence and presence) for mud-sand mixtures characterised by a wide range of initial concentrations and sand contents. Thus, the segregation formulation (Eq. 6) based on the relative mud concentration, associated with the segregation threshold (C relmud seg~2 00 kg/m 3 ) deduced from literature settling experiments, seems appropriate to simulate sand segregation. The concept of formulating segregation occurrence on a relative mud content threshold may be physically explained as an equivalent density of the mud matrix that permits, or not, the sand grains to settle through it. Nevertheless, Eq. 6 does not consider the influence of sediment grain sizes (or organic matter contents) on the segregation threshold. There might be a possibility to propose a formulation for α depending on the sediment grain size, instead of being constant as defined in this study. Furthermore, the segregation formulation proposed in Eq. 6 is not applicable for pure sands. Simulations were reasonably correct for large sand content (n s =50 %) in the Seine Estuary experiments (SE-1, 3 and 5), but more discrepancies have to be expected for larger sand contents (n s >50 %). In addition, the segregation formulation used in this study is not a fully polydisperse model as the interactions between the different sediment fractions are not taken into account. Fine sediment, for instance, could be transported upwards due to the sand settling downwards much faster. Nevertheless, such processes are likely to mainly take place in the water column, which is not simulated in this model, rather than in the highly concentrated sediment bed during the permeability consolidation phase, due to the increased equivalent viscosity. Using the segregation formulation with the appropriate segregation threshold (C relmud seg ) enabled to predict correctly the time and space evolution of the settling and permeability sediment interfaces. It would be interesting to investigate the relation that may exist between this segregation threshold C relmud seg and the gelling point concentration C gel , but this is beyond the scope of this paper.
The coupling between a 1DV consolidation model and a 3D estuarine sediment transport model (e.g. Le Hir et al. 2011) generally requires a common set of parameters for the constitutive relationship calibration, as the deposit sediment concentration is usually defined as a constant. The permeability formulation based on the fractal theory was not appropriate to simulate a wide range of initial conditions (C~50-400 kg/m 3 ) with a common parameterization. Consequently, we showed that the sediment model using the permeability formulation based on the with a common set of parameters (see Table 3 ): SE-1 (circles, blue), SE-2 (triangles, green), SE-3 (squares, red) and SE-5 (diamonds, cyan) Fig. 10 Comparison between the relative sediment height h/h 0 measured and simulated following Method 1 (k=MIN[k ϕ , k e ]) with a common set of parameters for initial concentrations C<120 kg/m 3 (see Table 3 ) as a function of time: a MSMB-C3, b MSMB-C4, c MSMB-H3 and d MSMB-H4. r 2 is the squared correlation coefficient and e rms is the normalised root mean square error void ratio was, in an operational approach, satisfactory (r 2 ≥0.91 and e rms ≤0.3). Such a parameterization, however, did not necessarily apply to another field area with different sediment properties (e.g. sediment grain size, organic matter content). It emphasises that sediment settling experiments are very helpful to calibrate the constitutive equation parameters to a specific area characterised by a typical sediment. In natural estuarine environments, most of sediment deposits do not exceed concentrations larger than approximately 100 kg/m 3 . This value can thus be defined as the sediment concentration of Bfresh deposit^in a 3D sediment transport model. For this range of concentrations (C <120 kg/m 3 ), this study proposed an upgraded common parameterization, with permeability computed as a function of the mud relative volume fraction and the void ratio, that achieved good prediction skills (r 2 ≥0.98 and e rms ≤0.14). In conclusion, the numerical model presented in this study has been shown to correctly simulate the sedimentation and consolidation processes for mixed sediments with moderate to large sand content (15 to 50 %). The influence of segregation processes on consolidation dynamics was deeply investigated, and a new formulation for simulating segregation occurrence was proposed. Finally, this work presented a common set of parameters that can produce a reasonable level of predictive accuracy for mixed-sediment consolidation embedded within a 3D estuarine sediment transport model.
